INTRODUCTION
The triangular geometry is a narrow band structure. It can be used advantageously in designing microstrip compact array [3] with reduced coupling between adjacent elements and band pass filters [5] . Narrow impedance bandwidth may be a critical requirement for an antenna particularly for receiving a narrow band signal in the presence of noise. It can also be used on curved surfaces because of easy conformability. The triangular geometry has been investigated by many researchers [3-7, 9, 10, 13, 14, 16-19, 21, 22] . In those studies, they have not employed any dielectric superstrate in the form of radome above the patch. This radome protects the patch from the environmental hazards and improves the antenna performances [12, 20] . The triangular microstrip patch (TMP) with radome is the least investigated geometry. A few researchers [1, 2, 12, 15] have considered the effect of radome on the performances of TMP. Among them, [12] has shown the gain enhancement technique using a dielectric cover of a chip resistor loaded TMP, and some theoretical results of a TMP including radome have been reported in [15] using Spectral Domain Techniques (SDT). Neither any experimental result nor any design guideline is available in [12] and [15] to estimate the resonant frequency and input impedance of a TMP with radome. But [2] has reported a design guideline and experimental results for resonant frequency and input impedance of a TMP including radome effect. A very simple and efficient CAD model is reported in [1] very recently to estimate the operating frequency of a superstrate loaded TMP using cavity model analysis.
In order to calculate the input impedance of an equilateral triangular microstrip patch (ETMP) only two papers by Biswas and Guha [2] and Lee et al. [18] are available. But [18] has used rigorous mathematical steps to calculate the total quality factor (Q T ) for an ETMP without superstrate (conventional), and there is a big discrepancy between measured and theoretical values. The most recent paper [2] has reported a simple way to calculate the input impedance for conventional and superstrate loaded ETMP employing an equivalence relation between rectangular and triangular geometries to compute the total quality factor (Q T ).
In this paper, we have proposed a simpler and more efficient CAD model to estimate the effect of superstrate on input impedance characteristics of an ETMP avoiding equivalence relation and rigorous mathematical steps for calculating Q T based on cavity model analysis.
Our computed values for wide range of superstrate parameters and feed locations of an ETMP antenna having different side lengths are compared with theoretical and experimental values, showing close agreement. The structure is also studied employing a Maxwell's equation solver [8] , and those results are also used to validate the computed values determined using the present model.
THEORETICAL FORMULATIONS
For achieving the optimum performance the accurate calculation of input impedance of the microstrip antenna is necessary. So we have proposed a CAD model based on cavity model analysis for computing the input impedance of superstrate loaded triangular microstrip patch antenna. The superiority of this model is that this model is valid for triangular patch without superstrate (conventional). The coaxial Figure 1 .
Probe-fed superstrate loaded equilateral triangular microstrip patch. A schematic diagram.
fed substrate-superstrate combined geometry of an ETMP antenna is shown in Fig. 1 . The lower one is substrate (thickness d 1 and permittivity ε r1 ) and upper one being superstrate (thickness d 2 and permittivity ε r2 ).
The input impedance of a triangular microstrip patch with and without superstrate seen by the coaxial feed, located at a distance ρ from the tip of the triangle shown in Fig. 1 , is given by [2] and [18] 
Here the summations indicate the number of modes. 
w = 6 mm as in [2] and [18] . The quantities Q r , Q d , and Q c are the quality factors due to radiation loss, dielectric loss and conductor loss respectively. Surface wave loss is neglected.
In order to calculate the total quality factor the computation of Q r is more important because it is the key factor to determine the radiation efficiency. But the computation of Q r is complicated for triangular geometry because of its radiation mechanism. For computing Q r , Lee et al. [18] has employed rigorous mathematical steps, and they are not suitable due to large error between measured and theoretical values. Recently, an equivalence relation between rectangular and triangular geometry for computing Q r has been reported by Biswas and Guha [2] , which is more accurate and simpler compared to [18] . To the best of our knowledge, this is the first time we have proposed a very simple and more accurate theoretical formula without employing the equivalence relation and rigorous mathematical steps used by [2] and [18] to compute the Q r .
So the quantity Q r is taken empirically in this study as
Here, c is the velocity of light in free space, and ε re is the effective dielectric constant of the substrate-superstrate combined geometry. f r is the resonant frequency of an ETMP with superstrate.
The Quality factor due to dielectric loss (Q d ) can be computed using [11] which is simpler compared to [2] and [18] as
The quality factor due to conductor loss is calculated employing [2] 
The percent bandwidth (V.S.W.R < 2) of the antenna is calculated as 1
Here f r and ε re can be calculated using [1] as
The computation details of v 1 , v 2 , v 3 and v 4 are available in [1] . Figure 2 demonstrates the variation of input resistance at resonance as a function of frequency of a superstrate loaded ETMP having side length a = 20.3 mm, and feed is located at ρ = 10.5 mm from the tip of the triangle. In this plot, the thickness and dielectric constant of superstrate and substrate are chosen identical. Here we have compared our computed values with measured and computed ones as reported in [2] . From this plot it is evident that the calculated values of input impedance employing present model are close to the experiment [2] compared to the theory [2] . Table 1 shows the comparative studies of the resonant frequencies and resonant resistances for wide range of the superstrate parameters (ε r2 and d 2 ) of an ETMP. Here the computed values of present model are compared with the computed values in [2] , CFDTD simulated values in [8] and SDT analysis in [15] , showing close agreement. The effect of superstrate parameters on input impedance characteristics of an ETMP is shown in Fig. 3 . Here we have calculated the input impedance as a function of frequency employing present theory for different values of ε r2 and d 2 . In these studies, we have taken a = 50 mm, d 1 = 1.59 mm, ε r1 = 2.32, and feed is located near 50 ohm point at resonance. It is evident from this plot that the resonant Figure 4 depicts the variation of input resistances at resonance with feed locations (ρ) for different values of superstrate parameters. Fig. 4(a) shows these variations for d 2 = 4.0d 1 taking ε r2 as parameter and that in Fig. 4(b) for ε r2 = 4.53ε r1 considering d 2 as parameter. It is evident from these plots that the change in input resistances is more significant for higher values of superstrate parameters and when the feed is located near the tip of the triangle. Again this change is insignificant when the feed points are far from the tip of the triangle.
RESULTS AND DISCUSSIONS
The effect of superstrate on bandwidth is shown in Fig. 5 . In this plot we have studied the variation of % bandwidth and effective dielectric constant (ε re ) as a function of ε r2 for different values of d 2 . From this plot it is observed that ε re increases with the increase of d 2 where as % bandwidth decreases with the increase of d 2 .
That the present model is also valid for triangular patch without superstrate is visualized in Figs. 6 and 7. The variation of input resistance at resonance with feed locations (ρ) for different antenna parameters are depicted in Fig. 6 . Here our computed values are compared with different measured values [2, 15, 18] , showing excellent agreement. In Fig. 7 , we have compared our calculated values with measured ones [15] , and good agreement is revealed. [18] computed measured [15] computed measured [2] Input Resistance (ohm) (mm) ρ 
CONCLUSIONS
The effect of superstrate on input impedance characteristics is theoretically investigated. The computed values for wide range of variation of superstrate parameters and feed locations of an ETMP having different side lengths are compared with theoretical and
